ABSTRACT Ant~pathes fiordensis is a black coral species endermc to the south western reglon of New Zealand Restncted larval dlspersal has been demonstrated to occur In A fiordens~s although the exact scale of larval dlspersal is unknown Thls study examlnes the fine-scale (<50 m) pattern of relatedness between black coral colonles at 3 sltes in Doubtful Sound Fiordland to mfer dspersal &stance and gain a better understanding of patch size in this species At each of the 3 sites the position of all black coral colonles was mapped and allozyme electrophoresis was used to determine the 10-locus genotype of each colony Two statlstlcal methods were used to examine the association between colony genotype and dlstance at each of the 3 plots, spatlal autocorrelatlon of ~n&vidual loci and Mantels Test which exanunes the relatlonshlp between multi locus genotypes At 1 of the 3 sites (Trlcky Cove) there was a signif~cant positive association among colonles separated by < 5 m for 4 of the 6 loci tested Sinularly Mdntel s Test showed a signdlcant positive correlation between genetic distance and Euclidean distance at the Tricky Cove site (r = 0 2 p = 0 007) These results suggest dlspersal of black coral larvae 1s highly philopatnc and that larvae settle very close to parent colonles However at the other 2 sites there was no spatial associabon detected among genotypes indicating either that gametes or larvae are more widely dspersed at these 2 sites (>50 m) or that other ecological and evolutionary factors are operating that have influenced the observed genetic structure of the populations Genetic stu&es suggest that gene flow in A f~ordensis populations ~1 1 1 b e restncted and that patch size In this species may b e relatively small These findlngs w l l have Important mlplications for the conservation and management of the rare and unique shallow water populations of black corals In New Zealand s flords
INTRODUCTION
The role of widespread larval dispersal for the maintenance of genetic heterogeneity in benthic marine species is well recognised (e.g. Hedgecock 1986 , Scheltema 1986 ). However, philopatry (a mode of dispersal whereby larvae remain at or very near their point of origin) has been described in many sessile marine species (e.g. Olson 1985 , Keough & Chernoff 1987 , Ayre & Dufty 1994 . The recruitment of offspring into parental habitats may increase inbreeding, which will lead to loss in heterozygosity and a decrease in overall population fitness (Mitton 1993) . Similarly, philopatry will decrease the effective size of local population~ relative to their perceived size, which may increase the potential for divergence of local populations through selection and/or genetic drift (e.g. Bertness & Gaines 1993).
Existing knowledge of the larval biology of New Zealand's endemic black coral Antipathes fiordensis (Grange 1990) suggests larval dispersal will be restricted in this species. The sexually produced planula larvae of A. fiordensis are lecithotrophic, negatively buoyant and poor swimmers which crawl on the substrate and may survive for only 10 d (Miller 1996) . These factors, combined with the weak estuarine circulation in the fiord habitat (Stanton & Pickard 1981) , sug-gest the larvae of A. fiordensis may have limited dispersal potential. Indeed significant genetic differentiation has been documented among Fiordland black coral populations which are separated by distances of 10 to 15 km [FST (standardised genetic differentiation among populations) = 0.046, p < 0.001; N g (estimated number of migrants per generation) = 3.2 to 5.2; Miller 19971, indicating limited larval dispersal in A. fiordensis.
Many aspects of the behaviour of Antipathes fiordensis larvae are still to be determined. However, direct observations of the limited movement of the crawling sexual planulae of A. fiordensis (author's unpubl. data) suggest that dispersal of these larvae may be considerably less than the sampling scale used in earlier genetic studies (i.e. 10 to 15 km; Miller 1997, Miller & Grange in press ). To gain a realistic estimate of larval dispersal, studies will need to be conducted at much smaller scales than those previously used. For example, the crawling larvae of the solitary coral Balanophyllia elegans settle only 40 cm from parent colonies (Gerodette 1981) , and the demersal larvae of the soft coral Alcyonium siderium settle within metres of their parents (Sebens 1983) . If larval dispersal in black corals is restricted slrmlarly, then population subdivision may occur over very small distances (e.g. Hellberg 1994 Hellberg , 1995 ) and this will not have been apparent in previous analyses.
Spatial autocorrelation is a method designed to determine the dependence of a variable on the value of the same variable at a different location (Cliff & Ord 1973 , Sokal & Oden 1978a , and is particularly useful for detecting and quantifying the scale of genetic subdivision in a population. Autocorrelation has been used successfully to address relationships between neighbouring plants as well as the scale of seed dispersal in plant species (e.g. Dewey & Heywood 1988 , Epperson & Allard 1989 , Peakall & Beattie 1995 . However, to my knowledge it has only been applied in 2 studies of larval dispersal of marine invertebrates (Stoddart 1988 , McFadden & Aydin 1996 . Autocorrelation has advantages over other methods of spatial genetic analysis as it can be based on individual genotypes, rather than mean values at site [e.g. F,,, GsT (Nei's coefficient of gene differentiation)]. Furthermore, autocorrelation analysis allows detection of spatial patterns at scales smaller than the subdivision or site size, which is particularly useful in populations which are perceived as continuous (Heywood 1991) such as the rock wall populations of Antipathes fiordensis in Fiordland.
In this study I examine the fine-scale genetic relationships among Antipathes fiordensis colonies in order to determine the scale of dispersal of sexually produced black coral planulae and to examine the effects of philopatric dispersal on the population genetic structure of the black corals. Specifically, I have used spatial autocorrelation analyses to examine the relationship between the genotypes of neighbouring black coral colonies to determine whether larvae of A. fiordensis settle within a few metres of parent colonies (as hypothesised for a species with benthic crawling larvae) or whether they are dispersed over greater distances.
MATERIALS AND METHODS
Field collections. The black coral Antipathes fiordensis is found throughout New Zealand's southern fiords, a marine environment exhibiting a unique combination of physical and biological features, including reduced light levels and restricted water movement, which allow many deep water species to exist in shallow water (Grange et al. 1981) . Most of the black coral biomass occurs on vertical rock walls in the fiords, in a continuous, yet patchy 'zone' between depths of 10 and 35 m (Grange 1985 , Grange & Singleton 1988 . The geological composition of the Fiordland region is a mixture of high to medium grade metamorphic rock, primarily gneiss and schist (Suggate et al. 1978) .
For this study, black coral colonies were sampled from rock-wall habitats at 3 sites in Doubtful Sound, Fiordland (Fig 1) . These 3 sites were separated by approximately 10 to 15 km. At each site an area approximately 300 m2 was marked out and all coral colonies within the plot were tagged and their positions mapped according to an X -y grid system. The 'X' co-ordinate was measured horizontally from a line suspended vertically through the middle of the plot. The 'y' coordinate was recorded as depth (to the nearest 10 cm) and values were adjusted to compensate for tidal variation at the time of sampling.
To estimate the population structure at each site, the approximate height (in mm) of all tagged colonies was recorded. Colony height provides a reasonable estimate of colony age in antipatharians (Grange 1985) ; hence the colonies were grouped into 4 size categories representing different demographic groups as outlined below. Group I comprised colonies <l50 mm, representing 'recent' recruits less than 10 yr of age based on growth rates of 16 mm yr-' (Grange & Goldberg 1993) . Recruitment to black coral populations occurs sporadically and at very low frequencies and colonies c10 yr suffer very high mortality rates (Grange in press). The probability that this size class will survive to maturity is extremely low. Group I1 comprised colonies 150 to 300 mm tall, representing immature colonies between approximately 10 and 20 yr of age which suffer lower mortality rates than Group I (Grange in press). Group I11 are corals 300 to 500 mm tall, representing colonies >20 yr of age which have very high survivorship (Grange in press) and are at the onset of reproduction (Parker 1995) . Finally, Group IV are colonies >500 mm representing the stable population of mature adults and includes colonies which may be hundreds of years old (Parker 1995, Grange in press) .
Electrophoresis. A small branch tip was removed from all colonies within the spatial plots for genetic analysis. These coral samples were screened for 7 electrophoretic allozymes in order to determine the 10-locus genotypes of all colonies. The choice of the 10 polymorphic loci (Est-l, Est-2 Gpi, Hk-1, Hk-2, Idh, Mdh, Pgm, La-l and La-2) was based on results from earlier electrophoretic surveys of black corals, and details of running conditions and staining methods can be found in Miller & Grange (in press). Genetic analysis. Three different methods were used to examine levels of population structuring at each of the 3 sites. Evidence for genotypic linkage disequilibrium was tested at each site using GENEPOP 1.2 (Raymond & Rousset 1994) to determine if the 10 loci behave independently. Departures from random mating, as expected under conditions of Hardy-Weinberg equilibrium, were tested using exact tests with rare alleles pooled (Elston & Forthofer 1977) . For these tests, the probability of significance was corrected for multiple simultaneous tests according to Miller (1966) . Wright's fixation index (f) was used to determine if departures from random mating were associated with either excesses or deficits of heterozygotes.
Genotypic diversity measures for each of the 3 population~ were calculated according to Stoddart & Taylor (1988) . The ratio of observed to expected genotypic diversity (Go: G) was used to estimate the relative contribution of sexual and asexual reproduction to recruitment at each site. The departure of observed genotypic diversity (Go) from the genotypic diversity expected under condtions of panrnixia ( G ) was calculated using unpaired t-tests (Stoddart & Taylor 1988) .
Spatial analysis. In a system of limited dispersal, where larvae settle close to the parent colonies, a positive correlation between genotypes of colonies separated by small distances would be expected, with a negative or no correlation with increasing distance between colonies (Sokal & Oden 1978a, b) . I used spatial autocorrelation to determine if there was any relationship between colony genotypes and the position of black coral colonies within each plot that might indicate the scale of larval dispersal in Antipathes fiordensis. The autocorrelation coefficient, Moran's I, was calculated for 3 distance classes (0-5 m, 5-10. m and 10-50 m) at each site, based on individual allele frequencies (coded as either 1, 0 or 0.5) at each locus. Only loci whch were polymorphic at 2 or more sites were tested and for each of these calculations were performed for ( n -l ) alleles. Moran's I typically varies from + l to -1, with values close to zero indicating no autocorrelation (i.e. random distribution of genotypes with distance). Negative or positive values of Moran's I indicate negative or positive correlation of genotype with distance respectively. Tests for significant autocorrelation were carried out by comparing the observed and expected values of I under the assumption of no spatial structure.
The analyses described above only test spatial autocorrelation for individual loci. However, a composite of single-locus statistics may not be representative of how the complete genotype behaves. Consequently a multivariate test for spatial association in Antipathes fiordensis was done by comparing the association between multilocus genotypes and spatial distribution within the 3 spatial plots. Mantel's Test, which computes the relationship between 2 distances matrices (Fortin & Gurevitch 1993) , was used. For each of the 3 study sites, matrices of Nei's unbiased genetic distance (D) calculated between colonies, and Euclidean distance between colonies (calculated using X-y coordinates from each plot) were compared. The statistical significance of the association between matrices was tested using a permutational test, with the probability of significance calculated by 1000 random permutations (Fortin & Gurevitch 1993) .
Genetic structure
Genetic analysis indicated significant population structuring occurred at each of the 3 sites. Differences in allele frequencies were apparent among the sites; for example at the locus Hk-2, allele A was twice as common at Bauza Island than at the other 2 sites (Table 1 ). Similar differences in allele frequencies were apparent at the loci Est-2 and Hk-l (Table 1) . These differences are consistent with results from similar comparisons of black coral populations in 13 fiords from throughout Fiordland which have shown significant genetic differentiation between sites separated by 10 to 15 km (Miller 1997, Miller & Grange in press) .
Tests for the conformance of gene frequencies to. those expected under Hardy-Weinberg equilibrium indicated departures from random mating at all 3 sites. At least 1 locus, and up to 6 loci at Bauza Island, displayed significant departures from equilibrium (Table 2) . Heterozygote excesses were found at Gpi at all 3 sites, and heterozygote deficits were apparent at La-2 at both Brasell Point and Bauza Island and at Hk-2, La-l, Est-l and Idh at Bauza Island (Table 2) . Only 4 of the 10 loci matched equilibrium at all 3 sites.
RESULTS
A total of 154 black coral colonies was collected from the 3 sites: 60 at Brasell Point, 29 at Tricky Cove and 65 at Bauza Island. Plots showing the location of colonies within each of the 3 sites are presented in Fig. 2 .
The size-frequency distribution of coral colonies varied among sites (Fig. 3 ) , with differences in the population structure indicating differential demographic histories at the 3 sites. Brasell Point was dominated by large, mature colonies (>20 yr old) with relatively few small or immature colonies present in the plot (Fig. 3) . In contrast, large mature colonies and 'recent' recruits were common at Tricky Cove with the 2 middle size classes less abundant. Colonies of all 4 size classes were equally represented at Bauza Island (Fig. 3) . Grange in press). While it is unusual for clones to be widely distributed, the probability of these clonal genotypes occurring more than once in the sample has been calculated to be very low (Miller 1997) . Consequently it is assumed that the putative clones identified on the basis of 10-locus genotypes are the product of asexual reproduction. No significant genotypic linkage disequilibrium was detected at either Tricky Cove or Brasell Point. At Bauza Island, non-random genotypic associations were detected between Gpi and Est-2 and between Hk-1 and Hk-2, although these did not remain significant after the correction of p-values for multiple simultaneous tests.
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Spatial pattern
The ratio of observed to expected genotypic diversity (Go:GE) was less than 1 (the value expected in a randomly mating population) at all 3 sites. Genotypic diversity is sensitive to any form of single or multilocus disequilibrium and values less than 1 may simply reflect departures from random mating as discussed above. However, Go was significantly less than GE at Tricky Cove (p < 0.05, Table l ) , indicating that asexual reproduction is likely to play a n important role in recruitment at this site. Some clonal genotypes were found both at Brasell Point and Tricky Cove (clones A and D; Fig. 2) , although the remaining 11 clonal genotypes were unique to their respective sites (Fig. 2) . It should be noted that some of these clones have been recorded at other sites within Doubtful Sound and in some cases, in other fiords (see Miller 1997, Miller & Spatial autocorrelation analyses indicated that the distribution of genotypes differed among the 3 sites. At Tricky Cove genotypes of colonies separated by <5 m were more similar than colonies further apart. Significant autocorrelation was detected at 4 of the 6 loci analysed with most alleles showing the same pattern of positive correlation at small distance classes and negative correlation at larger distance classes (Fig. 4) . At Brasell Point allele distribution was largely random over all distance classes with the exception of a significant positive correlation of Gpi (A) and Hk-2 (A) at 0 to 5 m, although the values of Moran's I were very low and may not be biologically meaningful (Fig. 4) . Similarly, at Bauza Island most alleles had a random distribution with distance class with the exception of alleles Hk-2 (A) and (C), which were positively correlated at small distances (up to 10 m) but negatively correlated at larger distances (10 to 50 m; Fig. 4) . Interestingly, all Mar Ecol Prog Ser 163: 225-233,1998 Bauza Island
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Hk-l significant relationships indicated a positive correlation between close neighbours and Hk-2 showed significant patterns at all 3 sites. Furthermore, estimates of patch size are small (approximately 5 to 10 m, as determined from the point at which the correlogram first crosses the x-axis; Sokal & Wartenberg 1983) and are similar at all 3 sites.
Results from multivariate analysis of association between genetic distance and Euclidean distance for black 
DISCUSSION AND CONCLUSIONS
The genetic structure observed within populations of Antipathes fiordensis is consistent with restricted larval dispersal within the fiords of New Zealand. Previous studies of A. fiordensis have demonstrated that sexually produced larvae of A. fiordensis are unlikely to move distances of 10 to 15 km (Mdler 1997, Miller & Grange in press) , and this result has been confirmed here. At distances less than 10 to 15 km, prediction of dispersal distance is likely to be problematical. At Tricky Cove colonies in close proximity (i.e. separated by less than 5 m) are more likely to be related than colonies which are further apart and this result is consistent for both univariate and multivanate spatial analyses. Therefore, in at least 1 area within Doubtful Sound, it is likely that larvae have settled and recruited very close to the parent colonies. At the other 2 sites (Bauza Island and Brasell Point) no association was found between genotype and distance, suggesting wider dispersal of gametes and/or larvae, at least over distances up to approximately 50 n~ (although see discussion of differential recruitment below). However, estimates of patch size are similar among the 3 sites (110 m), consistent with the hypothesis of small-scale segregation of black coral populations within Doubtful Sound.
The spatial structure observed at Tncky Cove may be related to asexual reproduction which has been reported in Antipathes fiordensls (Miller & Grange in press ). Clones at Tricky Cove are more aggregated than the clones at the other 2 sites (Fig. 2) , so it is possible that the significant spatial relationship observed at Tricky Cove is due to localised and/or aggregated recruitment of asexual larvae (see also Miller 1997) . To test the influence of asexual recruitment on the spatial structure at Tncky Cove, the autocorrelation analysis was re-run using a weight matrix to exclude clone pairs. The correlograrns from this analysis (not shown) revealed similar patterns to those found when all colony pairs were analysed. It is therefore unlikely that the spatial structure observed at Tricky Cove arose from aggregated asexual recruitment.
The Mferent spatial patterns at each of the 3 study sites suggest that the scale of larval dspersal may b e variable, even within a single fiord. These variations are likely to be associated both with physical and biological factors, e.g. water flow (&chards et al. 1995) , gamete dispersal (Grosberg 1991) and post-settlement mortality (Grange in press) .
The fiords are calm environments with weak currents (Stanton & Pickard 1981) . Water movement decreases rapidly from the mouth of the fiord, which is influenced by oceanic swells, to the head of the fiord, where flow is minimal. The decrease in larval dispersal distance between the Bauza Island site, located towards the mouth of Doubtful Sound, and the Tricky Cove site, located mid-fiord, may reflect the decrease in larval dispersal associated with reduced water movement. Unfortunately, the 'normal' flow regime at Brasell Point has been drastically altered in the last 30 yr by the Manapoun Power Station, which discharges an average of 350 m3 of water per second into the fiord via a tailrace tunnel located close to Brasell Point. This dramatic increase in water input may have influenced more recent larval dispersal at this site and confounded the direct interpretation of spatial structure according to water flow.
Micro-scale water flow is considerably reduced close to the rock walls of the fiords, and especially around black coral colonies (F. Smith & K. Grange pers. comm.). These effects will reduce the dispersal both of gametes and larvae (e.g. Graham & Sebens 1996) and contribute to the spatial association of genotypes as described here. In this study it was impossible to separate the respective roles of gamete and larval dispersal for gene flow (e.g. Grosberg 1991), although clearly gene flow by either means is limited in Antipathes fiordensis. Little is known about spawning in A. fiordensis, or how spawning behaviour influences the dispersal of gametes. Gene flow and the ultimate genetic make up of coral recruits is likely to be influenced by a variety of factors including fertdisation success as related to spawning synchrony (e.g. Babcock & Mundy 1992, OLiver & Babcock 1992), the timing of spawning relative to tidal flows and weather conditions (e.g. W~s & Oliver 1990 ), variations in these factors over different years (e.g. Lasker et al. 1996) , as well as dispersal of the larvae themselves.
Differences in recruitment history at the 3 sites may also be an important factor contributing to the variation in spatial patterns among sites. Recruitment rates of black corals are low and sporadic (Grange in press). Tricky Cove had high numbers of small colonies (size class 1; Fig. 3 ) relative to colonies in larger size classes, compared with the other 2 sites. It may be that the positive spatial correlation at Tricky Cove reflects a 'recent' recruitment event and that the positive correlation of genotypes with distance may be reduced over time, with subsequent high mortality of small colonies (Grange in press). Settlement of larvae close to parents may occur at ail 3 sites but poor recruitment in recent years at Brasell Point (where recruitment combines the effects of settlement and post-settlement mortality) and relatively uniform rates of recruitment through time at Bauza Island (Fig. 3) may result in the spatial patterns observed at these sites (e.g. Peakall & Beattie 1995).
T h s study has shown larval dispersal in Antipathes fiordensis is phlopatric and as a result, population subdivision occurs at very small scales. The evolutionary consequences of restricted larval d~spersal in m.arine invertebrates are likely to be varied (e.g. Burton 1986 , Hedgecock 1986 , Jackson 1986 , Havenhand 1995 although in Antipathes fiordensis the adaptlve sign~fi-cance of restricted larval dispersal remains unclear. Retaining larvae close to adults, in habitats suitable for survival, seems to be paradoxical as the fiords are thought to be a stable and uniform environment. However, fiord populations of A. fiordensis are geologically very recent (Pickrill et al. 1992) . Restricted larval dispersal may therefore be an adaptation for the deep sea environments in which black corals usually live (e.g. isolated rock outcrops on the continental shelf) and may not be a specialised adaptation for the fiord conditions.
An important consequence of restricted gamete and larval dispersal is the increased potential for inbreeding. Heterozygote deficiencies in Antipathes fiordensis populations ( Table 2 ; Miller 1997) suggest inbreeding may be occurring in Fiordland black corals. Philopatry as a n adaptation for inbreeding has been suggested (Shields 1982 , Jackson 1986 ), although for marine invertebrates it is thought that direct selection for inbreeding does not occur, but rather that it arises as a consequence of selection for other ecological factors (Knowlton & Jackson 1993) . There is some suggestion of differential selective pressures operating throughout the fiords. Significant heterozygote excesses at Gpi, in contrast to heterozygote deficits at all other loci (Table 2) , may indicate selection operating at that locus (although heterozygote excesses are apparent at other loci in some fiord populations of A. fiordensis ; Miller 1997) . Significant positive spatial autocorrelation of only one or 2 loci at Bauza Island and Brasell Point (Fig. 3) may also indicate differential selection operating within the fiords, which may ultimately influence the spatial association among genotypes at each slte.
In conclusion, restricted dispersal of Antipathes fiordensis larvae has resulted in high population subdivision. This subdivision is apparent throughout Fiordland (Miller 1997 ) and the results from the present study indicate that larval dispersal in some areas will be restricted to as little as 5 m, from the parent colonies. Clearly many ecological and evolutionary factors are likely to contribute to larval dispersal and the spatial associations of genotypes. However population subdivision, originating from limited gene flow, inbreeding and localised selection, is anomalous in Fiordland, a habitat which has previously been perceived as a continuous and homogeneous environment.
The black coral populations in New Zealand's fiords are the only shallow water population of antipatharians in the world. The corals are completely protected both under local and international regulations, but their habitat is not. The total area of shallow water habitat in the fiords is less than 50 km2 (Grange 1985) . The limited larval dispersal and small patch sizes described for Antipathes fiordensis in this study, in combination with factors such as low recruitment and growth rates (Grange in press), emphasise the fragility of the black coral populations and highlight the impacts that even localised habitat destruction, either natural or anthropogenic, may have on the standing crop and genetic diversity of black corals. These factors emphasise the importance of a management strategy to protect the marine habitats within New Zealand's fiords, to ensure the conservation of these unique and fragile coral communities.
